A new chemical vapor deposition ͑CVD͒ reactor design was developed to intentionally induce spatially nonuniform film thickness deposition patterns on a single wafer. A segmented showerhead design allows individual regions of a wafer to be exposed to different precursor concentrations simultaneously during a run resulting in different thickness profiles on the wafer and a thickness gradient at the boundaries between segment regions. Different recipes were cycled through each of the segments in a sequence of deposition experiments to develop a model relating precursor concentration to film thickness in each segment region. As a demonstration of spatial programmability, the system was reprogramed using this model to produce uniform thickness amongst the segments; intersegment uniformity approaching 0.60% ͑thickness standard deviation͒ was demonstrated. Potential applications of this reactor design to combinatorial CVD are discussed.
I. INTRODUCTION
Chemical vapor deposition ͑CVD͒ tools are prevalent in every semiconductor fabrication facility, as an efficient method for depositing nonvolatile solid films with good conformality, film quality, and microstructure. However, most conventional CVD systems are designed for a narrow range of operating conditions and do not offer much flexibility for improving process recipes and optimizing process development cycles for new materials. Furthermore they are usually devoid of "process knobs" or process inputs that can be tweaked using robust and efficient controllers based on advanced process control techniques. 1 This article addresses the issue of process flexibility using the concept of a spatially programmable chemical vapor deposition ͑SP-CVD͒ system that was developed at the University of Maryland. 2 Earlier work 3,4 describes construction and preliminary testing of the reactor. This article describes the results of an expansion of the reactor's capabilities to demonstrate, for the first time, the system's ability to be reprogramed, effectively reconfiguring the reactor solely in software between deposition runs. To be more precise, reactor system programmability is enabled by the following two design advances:
͑1͒ Tool modularity as defined by equipment components such as the showerhead and gas delivery system designed in a modular fashion giving the tool more flexibility, scalability, and extendibility relative to conventional CVD system designs.
͑2͒ Process programmability follows from tool modularity and is the software that endows the tool with the ability to run different recipes over different parts of a wafer, resulting in films with controllable properties across the wafer. This degree of controllability makes possible combinatorial capabilities and can significantly reduce experimentation time by enabling simultaneous experiments on each wafer, accelerating product development cycles and model building.
The objective of this article is to demonstrate the programmable design concepts using a prototype, three segment reactor system to deposit tungsten films. This article is organized as follows: The next section describes the SP-CVD reactor and showerhead design followed by a section which describes the experiments that demonstrate programmability of the SP-CVD system. This article culminates with the conclusions and implications for combinatorial CVD.
II. REACTOR AND SHOWERHEAD DESIGN
The SP-CVD reactor design, construction, and operation are described in detail in Refs. 3 and 4; preliminary experimental tests performed to demonstrate the reactor's ability to deposit spatially patterned films are also described in those references. Figure 1 depicts a schematic diagram of the showerhead and wafer heater assembly inside the reactor. This reactor design controls gas precursor concentrations over predefined areas of the wafer surface by using the following:
͑1͒ A segmented showerhead design that delivers precursor gases to predefined regions over the wafer surface, made possible by a gas delivery system that allows separate control of precursor gas flow rate and composition to a͒ Author to whom correspondence should be addressed; present address: 2267 A.V. Williams Building, University of Maryland, MD 20742; electronic mail: adomaiti@umd.edu each segment. The segmented design results in a discretized space above the wafer surface comprised of individually controlled regions enabling control of twodimensional gas concentration patterns over the wafer. ͑2͒ A "reverse flow exhaust" method of pumping out residual gases from each showerhead segment up into the common exhaust volume ͑CEV͒ that minimizes intersegment convective gas flows in the gap between the showerhead and the wafer. This design feature makes it possible to control intersegment region gas species transport by adjusting the gap size because intersegment diffusive flux increases proportionally with gap size ͑Fig. 1 and Ref. 3͒.
These two properties of the reactor enable us to spatially program deposition conditions across the wafer by controlling precursor gas flow rates to each segment.
A. Gas transport mechanisms
The gas transport mechanisms that are observed in this new reactor configuration illustrated in Fig. 1 can be described as follows:
͑1͒ In intrasegment gas transport, gas species are transported within each segment by the mechanisms of convective transport and diffusion ͑including thermal diffusion͒ as reactant gas exits the feed tube and makes its way to the wafer surface and then back up the segment to the CEV.
͑2͒
In intersegment backdiffusion from CEV, gas diffuses from the CEV back into the segments owing to gas composition differences between the CEV and individual segments attributable to different precursor recipes in the different segments or depletion at high deposition rates. ͑3͒ In intersegment gap diffusion, of gas diffuses from one segment to the other segments through the gap between the wafer surface and the bottom of the segments owing to concentration gradients between the segments.
The above mechanisms are quantified through models and simulations and validated through experiments in Refs. 3 and 4.
B. Modes of reactor operation
In this article, we expand the operating range of the reactor by demonstrating two modes of operation.
͑1͒
In deliberate nonuniformity mode, total feed gas molar flow rates to each segment are set to an identical value, but feed gas composition to each segment is varied to generate "patches" of film across the wafer that vary with local gas composition. ͑2͒ In uniformity mode, total feed molar gas flow rates to each segment are set to an identical value, but feed gas composition to each segment is programed to generate patches of film across the wafer of uniform thickness amongst the three segments. The composition in each segment is calculated from models generated from the deliberate non-uniformity experiments described above to compensate for segment-to-segment variability.
These modes of operation along with the steps followed for demonstrating programmability are summarized in Fig. 2 . In the three segment system, precursor gas compositions are adjusted to give three different gas composition recipes ͑X A , X B , X C ͒; the recipes are then switched between the segments to generate a sequence of wafers from which a model of overall wafer film thickness is created. The model is then used to reprogram the system to a desired thickness pattern among the three patches described above. 
C. Prototype reactor experimental system
The chemical system used in this process is tungsten CVD where the precursor gases are WF 6 and H 2 . The reactor is designed for 4 in. wafers. Argon is the inert compensatory gas used to maintain the total flow rate to each segment at 60 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. For all experiments described in this article, the heater temperature is set at 400°C giving an approximate wafer temperature of 380°C. All experiments were carried out at a reactor pressure of 1 Torr maintained by a downstream throttle value. The gap between the segments and the wafer was kept at 1 mm by a linear motion device for the first set of experiments. Deposition time was 900 s for all wafers. The gas flow rates of WF 6 , H 2 , and Ar are manipulated through mass flow controllers located upstream of the reactor. Details can be found in Ref. 4 .
The overall deposition reaction is WF 6 ͑g͒ +3H 2 ͑g͒ → W͑s͒ +6HF͑g͒. The gas phase reactions associated with this deposition process are negligible due to low reactor pressure during the process operation. 5, 6 Surface reactions by Si reduction will occur during the film nucleation step. Earlier work using a mass spectrometer to monitor residual gas concentration found that this nucleation step was completed in approximately 60 s; 7, 8 therefore, it does not play a major role in film deposition in our experiments. The Si reduction is followed by the H 2 reduction of WF 6 which is the dominant reaction. Under our processing conditions, the overall reaction rate can be expressed as the following surface reaction expression:
where R kin is the rate of deposition of tungsten, ͓P WF 6 ͔ is the partial pressure of WF 6 , ͓P H 2 ͔ is the partial pressure of H 2 , E a is the activation energy, R is the universal gas constant, and T is the temperature. According to this reaction kinetics model, the reaction rate does not depend on WF 6 partial pressure when sufficient WF 6 is present. However, the reaction rate is proportional to the square root of the hydrogen precursor concentration X H 2 ͑X H 2 = P H 2 / P total = moles of H 2 /total moles of precursors in reactor at any given time= H 2 flow in SCCM/ total flow of 60 SCCM in our experiments under the condition of relatively low reactant conversion levels͒. Hence, in our experiments we should expect a linear relationship between the thickness of the W film and ͱX H 2 or the flow rate of H 2 , and so we choose the flow rate of H 2 as the variable in our models in this article.
III. DEMONSTRATION OF PROGRAMMABILITY
The following sections describe the steps that were followed to demonstrate the programmability of the SP-CVD reactor.
A. Wafer cleaning and reactor conditioning
Each wafer was dipped into 10% HF solution to remove native silicon-oxide film and impurities that block the nucleation of tungsten crystals; after cleaning, the wafers were immediately loaded onto the substrate heater in the reaction chamber. This cleaning time was decided by trial and error with the aim of finding the cleaning time that would still result in blanket tungsten films. We did not quantify the oxide etching rate of the HF solution or the oxide thickness before and after cleaning. The wafers used were 1-0-0 nonoxide Si wafers ͑boron doped, resistivity of 14-22 ⍀ cm͒. A cleaning time of 5 min in HF sufficed followed by rinsing in distilled water and drying with N 2 . The background pressure of the reactor found after each wafer is loaded is about 1 ϫ 10 −5 torr ͑measured by an ion gage installed in the reactor͒. The entire operation of venting the load lock, loading the wafer, pumping down the load lock, and transferring the wafer to the reactor takes about 5 min.
At the start of each day of experimentation approximately 2 h were spent conditioning the reactor walls. This conditioning was done by flowing process gases at room temperature over a dummy wafer. Also, the first wafer used for deposition was discarded to eliminate the anomalies due to the first wafer effect commonly seen on starting process tools after an overnight or a longer idle time. During idling the reactor is maintained at a pressure of about 1 ϫ 10 −7 torr using a turbo molecular pump. Table I summarizes a set of experiments in which the reactor was operated in the nonuniformity mode to identify a model between the thickness of the W film deposited under each segment and the flow rate of H 2 in that same segment. The wafer names are not listed in chronological order, but are grouped according to the recipe used to process those wafers. Wafers W11 and W13 were scrapped due to processing problems which resulted in film anomalies. The concept behind these model identification experiments was to cycle through the following three recipes.
B. Deliberate nonuniformity experiments for model building
͑1͒ WF 6 flow of 6, 9, and 12 SCCM in segments 1, 2, and 3, respectively. Three wafers with good quality films were produced using this recipe. ͑2͒ WF 6 flow of 9, 12, and 6 SCCM in segments 1, 2, and 3, respectively. Two wafers with good quality films were produced using this recipe. ͑3͒ WF 6 flow of 12, 6, and 9 SCCM in segments 1, 2, and 3, respectively. Four wafers with good quality films were produced using this recipe.
As a result, a total of nine wafers was obtained for model development using the nonuniformity operation mode of the SP-CVD reactor.
C. Ex situ metrology
After each deposition process, film thickness was mea-sured using a four-point probe ͑4PP͒ ex situ metrology station. The four-point probe measurements result in a rectangular grid of measurements over the wafer surfaces with an approximate spatial resolution of 3.45 mm generating 900 measurement points. Figure 3͑a͒ illustrates the graphical output obtained from the LABVIEW based four-point probe station.
Numerical analysis of these wafer maps begins by interpolating the thickness data to a numerical quadrature grid defined on a computational domain that has the same physical dimensions as the wafer ͓Fig. 3͑b͔͒. This numerical procedure is carried out to simplify subsequent calculations; for example, the exact position of the wafer with respect to the segmented showerhead is difficult to fix because the wafer is lowered onto the heater by a single pin operated by a manual linear motion device. As the wafer is lowered it rotates on the pin and this rotation is not repeatable. Therefore, we use a postprocessing quadrature-based numerical technique based on finding the maximum correlation between the wafer deposition pattern and a pattern representing the hexagonal segment regions directly under the showerhead and rotate the wafer ͑numerically͒ to maximize this correlation. This technique allows us to orient all wafers accurately with respect to the showerhead segments; the results are displayed in Fig. 4 .
This quadrature grid is also used for numerical interpolation of film thickness in each segment to give a finer ͑higher resolution͒ representation of film thickness under each segment. Figure 3͑c͒ shows the result of this quadrature-based numerical interpolation technique applied to a test wafer. S1, S2, and S3 represent segments 1, 2, and 3, respectively. Figure 4 depicts the thickness profiles of the nine wafers processed by the nonuniformity mode of the SP-CVD reactor obtained by this numerical technique. The thicknesses are reported in Table I . The wafers with identical recipes were grouped together and the mean thicknesses under each segment in each group were calculated. From each gas flow recipe, the mole fraction of H 2 denoted by X H 2 , in each segment is calculated by dividing the flow rate of H 2 by the total gas flow rate ͑60 SCCM͒ in that segment. The square root of the mole fraction ͱX H 2 is calculated and displayed in the table.
D. Building a model between the W film thickness and the flow rate of H 2
The form of the function relating the film thickness to the corresponding flow rate of H 2 is chosen to be
where T i is the mean film thickness under segment i =1,2,3, and flow H 2j is the flow rate of H 2 under segment i =1,2,3 ͑Table I͒. The form of the function is chosen to reflect the square root dependency of deposition rate on H 2 mole fraction, shown in Eq. ͑1͒. This function ͑2͒ then was used to construct the linear models depicted in Fig. 5 . a i and b i represent the slope and intercept, respectively, of a line drawn through the data points using a least squares regression.
E. Inferences from the deliberate nonuniformity experiments
The results from the deliberate nonuniformity experiments are plotted in Figs. 4 and 5. Two trends emerge from these profiles.
͑1͒ The proposed correlation between the H 2 flow rate and film thickness of Eq. ͑1͒ holds, where the film thickness increases with H 2 flow rate in each segment. ͑2͒ The film thickness under S2 is consistently thicker compared to those corresponding to S1 and S2 for the same gas composition. The latter trend is attributed to a local hot spot under the region S2 resulting from a larger number of resistance heater coils under this segment. This hotter region results in a higher W film growth rate and so a thicker film results under S2. Because this nonuniform heating can be viewed as a process disturbance, we reprogram the reactor in the next set of experiments by adjusting the recipes in each segment to compensate for this disturbance. Uniform films are produced by exploiting the programmability of this reactor design. We also note that this multisegmented showerhead was used to minimize the number of experiments needed to identify a model between the wafer recipe and deposition thickness for each segment. With a conventional CVD reactor the same modeling effort would have required three times as many as the number of wafers used here.
Finally, in Table I , we can observe the effect of wafer to wafer process disturbances that produce different mean film thicknesses for wafers with the same flow recipes. Improving process repeatability is not the main focus of this article. The aim here is to demonstrate spatial programmability which can be reasonably decoupled from process repeatability.
F. Reprogramming the process for uniformity
The three linear models ͑with respect to the square root of the H 2 flow rate͒ depicted in Fig. 6 were used to reprogram the process as follows: we chose the target thickness of 660 nm depicted by the horizontal solid line intersecting all three linear models. The points of intersection were projected onto the abscissa ͑square root of the H 2 flow rate͒; this projection translated to a WF 6 flow recipe of 10, 5, and 10 SCCM in S1, S2, and S3, respectively, as shown in Fig. 5 which translates to a H 2 flow recipe of 40, 20, and 40 SCCM in S1, S2, and S3, respectively. We then performed deposition experiments with this recipe on a sequence of ten wafers: W32-W41. All the deposition runs were carried out in a single day and film thickness was measured using the ex situ 4PP metrology station. The results are tabulated in Table II . The average thickness in each segment over these ten wafers was calculated and plotted in Fig. 6 the same reprogramed flow rate recipe of WF 6 ͑5 SCCM in S2 and 10 SCCM in S1 and S3 which translates to H 2 flow rates of 20 SCCM in S2 and 40 SCCM in S1 and S3͒ because of the 1 SCCM resolution of the mass flow controllers used to control the mass flow rates.
G. Inferences from the reprogramed uniformity experiments
The reprogramed uniformity experiments demonstrated the efficacy of the novel SP-CVD reactor design which enables us to switch between deliberate nonuniformity producing recipes to recipes which produced segment-to-segment uniformity, all in the process control software used to control the feed gas MFCs. The reprograming was effective in achieving close to target thickness in each segment ͑660 nm͒. Table II depicts the mean film thickness and standard deviation for the ten wafers, W32-W41. An intersegment uniformity approaching 0.60% ͑calculated using the same formula used to calculate standard deviation͒ was achieved in the best case. The worst case approached 4.87% thickness standard deviation and this could be attributed to unmeasured disturbances of a downstream throttle valve and other mechanisms currently under investigation. Figure 7 shows a plot of the results summarized in Table II . Figure 8 shows averaged thickness profiles for both the deliberate nonuniformity experiments and the reprogramed uniformity experiments. Figure 9 shows the linear models corresponding to a 3 mm showerhead-wafer gap, produced using the same approach to modeling and programmability as for the 1 mm showerhead-wafer gap size experiments. In this figure, the linear models correlating film thickness to H 2 mole fraction for the 1 mm showerhead-wafer gap size and the 3 mm showerhead-wafer gap size are compared. Two effects are observed here.
H. Effect of showerhead-wafer gap size on programmability

͑1͒
In the 3 mm deliberate nonuniformity experiments, the thicknesses of the films are considerably lower than those corresponding to the 1 mm gap case. This difference is attributable to a fraction of the gases fed to each Table II. segment "leaking out" through the gap into the reaction chamber and subsequently being pumped out from the chamber region outside of the segments. The current reactor design is such that the baffle located at the top of the segments and just below the CEV is not leak tight ͑Fig. 10͒ and so allows gases from the chamber volume outside the segments to enter the CEV. This fraction of the precursor gases escaping through the increased gap does not contribute to the film deposition on the wafer. Minimizing this external chamber volume outside the segments may reduce the depletion of precursors around the edge of the wafer from the outer segments; future designs will incorporate more segments and smaller chamber volumes. ͑2͒ The slopes of the linear models corresponding to the 3 mm gap experiments are smaller in magnitude than those of the 1 mm gap experiments. One factor contributing to the reduction in slope is the increased intersegment diffusion arising due to the increased gap size. As a result, the segments are not as effectively decoupled when the gap size is 3 mm compared to a gap size of 1 mm. For example, in the 1 mm gap size experiments, a 0.63 mole fraction of H 2 in S1 produces a mean film thickness of 544 nm ͑Table I͒ while a 0.77 mole fraction of H 2 produces a mean film thickness of 662 nm. Thus, an increase of 0.14 in the H 2 mole fraction results in a mean film thickness increase of 108 nm. However, when the gap size is 3 mm, the same increase of 0.14 in H 2 mole fraction in S1 results only in a mean film thickness increase of 15 nm, thus reducing the slope of the linear model. The gases escaping to the chamber volume, as in case ͑a͒, also contribute to this reduction in slope.
We could not conduct "reprogramed uniformity" experiments in the 3 mm gap case. As seen in Fig. 9 , we cannot identify a common thickness set point that would intersect all three segment model lines within the operating range of gas flow recipes, such as was done in the 1 mm gap size case. This problem would not arise if the linear models were "close enough" ͑visually from hotter part of the wafer under S2 is a major contributing factor to the dissimilarity amongst the segments, translating into the linear model of S2 not being close enough to the linear models of S1 and S3. Were the temperature profile is more uniform, the deposition behavior for S2 would be closer to those of S1 and S3 and one would be able to reprogram the system using a recipe to produce the same film thickness in every segment within the operating range of the gas delivery system.
We would like to point out that in the modeling approach in this article we have not explicitly addressed the interaction amongst the segments in our models. We are currently developing and validating models which take the segment-tosegment interaction into account. One such approach that provides evidence of little segment-to-segment interaction at 1 mm gap is discussed in the following section.
IV. SEGMENT-TO-SEGMENT INTERACTION ANALYSIS IN THE PROGRAMMABLE REACTOR: THE 1 MM GAP CASE
In this modeling approach, we consider the problem of creating an empirical model from a sequence of N full wafer maps ͕W n ͖ n=1 N , each map corresponding to a particular process recipe denoted as ͕S n 1 , S n 2 , S n 3 ͖, where S n 1 denotes the hydrogen flow in SCCM to each segment i corresponding to wafer n. The model will predict the entire wafer film thickness profile W pred ͑r , ͒ ͑in nm͒ and, based on the square root dependence of W film growth with H 2 concentration, will take the form at the average of all process recipes. The spatially varying coefficients B i ͑r , ͒ are computed from the solution of the least squares procedure using the N experimentally determined thickness maps and corresponding process recipes, where N Ͼ 4:
.
In Fig. 11 , we see strong evidence for the lack of segment-to-segment interaction for the 1 mm gap case-this is demonstrated by the 6 -10 nm/ SCCM H 2 change in total film thickness with each SCCM of H 2 flow in each segment region where the H 2 is changed, and virtually no change in the other segments. These results correspond to the system linearized at a 30 SCCM H 2 flow to each segment. Of course, this behavior is expected to change with increasing gap size, this will be tested in the next round of experiments. The numerical techniques will be discussed in a follow-up paper.
V. CONCLUDING REMARKS
The spatially programmable CVD capability demonstrated in this study opens the doors to several other potential capabilities. Combinatorial materials research would be one such capability. The SP-CVD could use different precursors in different segments inducing concentration gradients of the precursors over the wafer surface. These gradients could be quantified using spatial sensing capabilities ͑for example, using a mass spectrometer in a multiplexing mode where it samples different areas of the wafer in situ 7, 8 ͒ and could be translated though well defined models into surface properties such as thickness, microstructure, or specific electrical properties. The patch of area on the wafer with the most desired property could be identified and the system reprogramed to produce an entire wafer with film having this desired property. Such an approach shortens the product development cycle and reduces material cost.
The concept of programmability could itself be extended to all facets of equipment design for which miniaturization of equipment hardware would be a key necessity. We envision that the number of segments could be increased to an optimum number with microelectromechanical based mass flow controllers 9 controlling the flow rate of precursor gases from tiny "plug and play" precursor "cartridges" which serve as the gas sources mounted on the top of the showerhead assembly. However, increased programmability and equipment miniaturization must be balanced against the increased complexity of the resulting systems. Having an abundance of spatial control "knobs" in a reactor system is effective only if there are good models relating the manipulated variables to the controlled variables of the system and therein lies the challenge.
